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ABSTRACT 
The effect of pressure on the heat-capacity ratio 
1 (CpHp/Cp1ATM) for chlorotrifluoromethane was measured • 
. i 
I 
J 
I 
t l 
i 
CpHP is the·constant-pressure ·heat capacity for 
pressures greater than one atmosphere and Cp1ATM is 
the heat capacity a~ one atmosphere. The data for the 
heat-capacity ratios were -collected in a closed loop 
circulating system by measuring the change in temperature 
for the _high pressure ·stream and one atmosphere stre·am 
in a countercurr~·nt heat excha~ger, The ratio of the 
temperature change for the one atmosphere stream divided 
by the temperature change in the high ;pressure stream 
is directly r~lated to the heat-capacity ratio. 
Three isotherms at 26.01°c, J9,.96°c and 55,00°c 
were studied in this investigationo All three isor\.ms 
have a heat-capac'i ty ratio close :to 1.1 at 200 psia';---../The 
ratio then increases with pressure to a peak before 
decreasing. The 39,96°c isotherm has a-peak heat-
capacity·ratio of 6,953 at 703,5 psia and the 55,00°c 
isotherm has a peak ratio of J,412 a:t 897,75 psia, The 
peak heat-capacity ratio is an undetermined but very 
large value at an estimated pressure of 528 psia for the 
26,ot0 c isotherm. The error in the experimental heat-
capacity ratios varies from +0,6% ·to+ 2,5% for all but 
a very few points. 
1 
~ The experimental heat-capacity ratios are compared 
,1 f to those calculated from the Peng-Robinson_ equation of 
( 
t 
'i 
J 
i 
state using an acentric fac_tor of O, 177, critical t_emp-
erature of 302.00 Kand critical pressure of J8.60 
atmospher.es. The Peng-Robinson :equation predicted 
heat-capacity ratios smaller than those experimentally 
determined for the 39.96°c and 55..00°c isotherms. For 
the 26.01°c isotherm, the Peng-Robinson equation predicted 
heat-capacity ratios smaller than those experimentally 
determined for pressures below the peak and larger for 
pressures gre~ter than the peak. 
The Peng-Robinson estimate for the peak heat-capacity 
ratio is 20.75%i smaller than the experimental ratio for the 
39,96°c isotherm and 14.77% smaller than the experimental 
ratio for the 55.00°c isotherm. The 26.01°c Peng-Robinson 
estimate for the peak heat-capacity ratio is undetermined 
but very large. The Peng-Robinson equation predicted 
within 1.0% the pressl,lI'e at the peak heat-capacity 
ratio for the 39,96°c and 55.00°c isotherms. 
2 
INTRODUCTION 
-~ 
({ The .data collected in this investigation can be 
:1 
f. used to determine heat capacities ~t 8onstant -pressure 
t 
J 
i for chlorotrifluoromethane (Freon-13). Since Freon-1} 
is an important industrial compound, accurate heat-
capacity data, at con·stant pressure (Cp), are- needed 
in the design of equipment using it, 
A literature survey revealed there was a strong 
need for experimental data on Cp values for CC1F3 at 
pressures above 150 psia. It was decided to fulfill 
this· need in the literature by investigat_ing the 
effect of·pressure on heat-capacity ratios (Cp at· a 
. high pressure/ Cp at 1 atmosphere) at 299,16 K, 
. 313, 11 K, and 328.15 K. The eX:perimental values were 
_ then compared to calcula.ted values from the ·Peng -
1Robinson equation of state (7), 
3 
HEAT EXCHANGE METHOD 
This method uses a ·countercurrent heat exchanger 
determine a ratio of heat. capacities. This ratio 
the heat capacity of a gas at a certain pressure 
·· ( Cp) , divided by ·the heat capaci ~y .of the same gas 
at one atmosphere (CpiATM). The heat-capacity ratio 
is determined by measuring the change in temperature 
·of the high pressure stream (6T= T1- T2) and the low 
·pressure· stream (6T0= T3- T4), when the high pressure 
stream is being cooled and again when it. is being 
heated (See Figures 1 and 2 ). The absolute value of 
the temperature change, .for both cooling and heating 
of the high pressure side is constant and at a small 
value. As long as the molar flow rate for both sides 
of the heat exchanger and the mean temperature of the 
high press~e side, (T1+ T2) / 2, are also constant, the 
following relation can be derivedi 
(_ g~1AT)_~i;..._ ............... =\ 1) + T2 
(-:;a )Heating+ (-:;a)cooling 
· HP Side HP Side 
2 
2 
In.i972, Marruffo (1) used the same method as 
4escribed abov~ to determine gaseous heat-capacity 
l 
Balaban (2)· used the same general method as 
to determine gaseous heat-capacity ratios in 
4 
(1) 
FIGURE 1 
ENERGY BALANCE AROUND THE EXCHANGER 
HIGH PRESSURE 
Ti' H1 T2,H2 
HUU1JfUHllU 
T4, H4 T3,H3 
., 
LOW URE 
Q=mq 
. ~ ij 
! 
' { NOTES: I 
l 1. T1 AND TJ ARE THE CONTROLLED TEMPERATURES 
2. T2 < T1 AND T4> TJ 
FIGURE 2 
ENERGY BALANCE, TEMPERATURES REVERSED 
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-
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NOTES: 
1. T 2 > T 1 AND T 4 < T J 
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1966 but Balaban used a cocurrent heat exchanger 
inste~f a countercurrent heat exchanger. Equation 
(1) is de~ved in the following pages, 
The following energy balance can be derived-for 
the heat;. exchanger in Figure 1 • 
( 2 ) 
Since the system is a.closed loop, .the high·pressure 
stream molar flow rate ·(m) is equal to that of the low 
pressure stream. Equation (2) can be rearranged to 
the following: 
where q is equal to the heat exchange to the surroundings 
~. divided by the molar flow rate m. His defined as 
enthalpy per pound-mole of gas and 6£!0 is ~J - g4• 
The relatior_i between ent}J.alpy-, pressure an.d temperature 
is the following: 
dH = (aH) aT p dT 
Using the triple product relation, Equation (4) cap 
be rewritten in the following manner. 
dli = (:t dT - (:)p (:t dP 
or 
6 
( 4) 
(5) 
I 
•I 
l 
1. 
dli = CpdT - ~Cpd.P 
Integrating Equation ( 5). for small changes in 
temperature and pressure, the following is obtained: 
(6) 
In this investigation, any change in Cp orµ. was 
small and linear with the temperature and pressure 
changes in the high or low pressure stream of the 
heat exchanger. Therefore Cp andµ in Equation (6) 
are for the mean temperature and pr·essure of the stream. 
The energy balance around the heat exchanger, as given 
in Equation (3) can b~ rewritten as follows: 
Cp-(6T - J.AP") = Cpo(-6To + µ~P 0) - q ( 7) 
where Cp0, 6T0 and 6P O are low pressure prop.erties. 
Lack of subscripts indicates a high pressure proper~y. 
The heat-capacity ratio (Cp / Cp0) can be obtained by 
rearranging Equation (7) to the following form: 
_ 6T0 + JJ.f P 0 
-
q 
~ 6T 6T Cp06T = CpO 1 - J.l6P 
6T 
Using the Taylor series, the- above relation can be 
expanded and rearranged to the following expression 
(See Appendix C) . 
7 
(8) 
,: i 
r i 
(9) 
where: 
ec = rµa6PO· - qC ~ Po 
6T0µAj ~1 µ6P (µ6P) 2 ]. 
- 6T 6T + 2 + 3 1 • • • 
. 6T 6T 
Now the temperatures .on the high pr.essure side are 
reversed so that the high pressure stream is-being 
heated instead of being cooled, at the same molar flow 
rate (See Figure 2), For both the heating and. cooling 
of the high pressure side, the absolute temperature 
difference and mean temperature, (T1 + T2)/2, are held 
constant. The absolute temperature difference for the 
low pressure stream i.s about the same .value as in 
~quation (7). The following equation will now describe 
the energy balance around the heat exchanger. 
(11) 
( 10.) 
The pressure drops for both sides of the heat exchanger 
are the same in Equation. (11) as in Equation (7), because 
the molar flow rates are the same. The heat p~r pound~ 
mole of gas exchanged with the surroundings., q, is assumed 
to be about·the same value fbr Equations (7) and (11). 
This assumption a.bout q is made because the molar flow 
rate, mean temperature of·the high pressure side and 
absolute value of 6T does not change.. The absolute value 
8 
'' . I
. '~ ..... ~ .... ,,•, .. 
of AT0 is about the same also. Rearranging Equation 
(11) to solve fbr the heat-capacity ratio, yields: 
_ AT0 _ 'Jl0AP 0 + q 
·~ 
6T AT CprfoT 
= 
.Cpo 1 + ~ 
.( 12) 
6T 
Using the Taylor series e~pansion as shown in Appendix 
C, the following relation is obtained.· 
AT 
- -·o - e 
6T H 
( 1}) 
.t where: 
l. 
l 
: 
J 
l 
2 (µAP) 
AT~ 
The difference in 9 in Equations (14) and (10) 
is in the value q/Cp0 and the sign of: 
~ , (uAP)J , ... (µAf')n 
AT2 ~ ATn + 1 
where n is an odd positive integer. For Freon-13, 
.. 
using the Martin and Albright (J) data, it was calculated 
. 2 
that 1/AT was at least 50 times greater than ).16P/6T at 
600 psia for the 39. 96°c isotherm with an assumed pres.sure 
drop of i psi. The exact value for ).\6P/AT2 could not be 
calculated because the pressure drop across the high 
9 
I 
• I 
. ' 
l 
l 
l 
pressure side of the heat exchanger was too small to be 
meas_ured for pressures above 400 psia ( less than i psi). 
Further calculations indicated that 1/6T was always 
much greater than µ6P/6T 2• Therefore the change of 
the sign on (µAP)n/6Tn + 1 has very little effect on t~e 
value of e. 
The value for q/Cp0 in Equations. (10) and (14) 
was affected by the temperatur~ of the low pressure side. 
·The largest change in Cp0, which was evaluated at the 
mean temperature on the low pressure side, (T3 + T4)/2, 
was calculated to be 0,9% for. the 55,00°c isotherm 
and less than 2.4% for both the 39,96°c isotherm and 17 
out of 19 experimental points for the 26.01°c isotherm. 
The mean temperat~e of the low pressure side changed 
slightly between cooling the high pressure side and 
heating the.Jhigh pressure side. Since the· change in Cp0 
was small and every effort was made to keep the heat 
exchang~d between the gas and the surroundings (q) as 
small as possible, the difference in the value· of 
q/Cp0 between Equations (10) and (14). is very small also. 
Since the two values of e for the heating and cooling 
of the high pressure side are nearly equal, they will 
cancel out wh~n Equations (9) and (1.J) are added. When 
these two equations are added _CplATM is substituted_for 
Cp0• This substitution can be made because the outlet 
pressure of the low pres·sure stream was always kept at 
10 
. I 
: ) 
: I 
one atmosphere and the change in the heat capacity due to 
the pressure drop was negligible. Since the two values of 
e are nearly equal, the mean value of Equations (9) and (13) 
gives the heat-capacity ratio at (T1 + T2)/2, as shown in 
Equation (1). Any error in calculating the mean caused by 
the value of Cp0 being slightly smaller in Equation .(9) and 
slightly larger in Equation (13) thr the ~alue of C!) 0 at 
(':1;'1 + T2)/2 is insignific~:t (Le·ss than 0.06% error for the 
largest heat-capacity ratio in the 39.\6°C isotherm). Th~ 
advantage to this method of determining heat-capacity ratiqs 
is that there is no need to know heat losses·, pressure drops 
or Joule-Thomson coefficients. The ratio can be directly 
determined from mea.suring temperature differ·ence~ as shown 
in Equation (1). 
In this investigation, the temperature difference for 
the high press·ure stream in Equation ( 1) 'Has record·ed at the 
inlet pressure instead of the mean pressure (As specified 
for Equation (6)), The reason for recording the inlet 
pressure was because the pressure drop across the high 
pressure side was usually too·small to measure. The error 
ca~sed by recording the inlet pressure instead of the mean 
pressure is· not. significant because ~P was much smaller than 
the error in the -high pressure gauge itself, ·The error in 
the high pressure :gauge is discussed in the Error Analysis 
section. 
11 
EXPERIMENTAL APPARATUS 
The equipment used in this investigation .can be 
easily visualized and understood by :following the path 
the test gas takes as it circulates through the 
experimental appar.atus (See FigUI:'e 3). The gas being 
studied in this system.was circulated and pressurized 
in a Corblin, two stage compressor, After the gas was 
pressurized by the compressor, the temperature of the 
gas was then adjusted in two constant temperature baths 
and the pressure .measured with a Heise g_auge, The. 
gas then entered the high pressure side of the counter~ 
current heat exchanger, The temperature change across 
the high pressure side was measured with a thermopile 
and- the absolute temperatures for the high pressure inlet 
l and outlet were measured with thermocouples. After leaving 
~ :\ the heat exchanger the gas was reduced in pressure to 
~ 
I 
~ 
i\ 
I 
one atmosphere, The gas then entered a constant 
temperature bath before proceeding to the l_ow pressure 
side of the· heat exchanger. The temperature change across 
the low pressure side of the heat exchanger was measured 
with a thermopile and temperature of the gas at the outlet 
with a thermocouple. Upon leaving the heat exchanger 
the pressure of the gas ·was measured with a mercury 
filled manometer. A mercury filled manometer was also 
used to measure the pressure drop across .the low pressure 
side ·of the heat exchanger. The low pressure gas then 
12 
FIGURE 3J SYSTEM FLOW DIAGRAM 
TEMPERATURE 
CONTROLLERS 
MAN ETER 
HEAT 
EXCHANGER 
PRESSURE 
REDUCING 
VALVES 
STORAGE 
.L..---r><t---M TANK 
II A II 
COMPRESSOR 
ROTAMETER 
GAS 
SUPPLY 
' ~ I ;; • : • •' -•,• ' ,' • 
flowed through a rotameter before returning to the 
compressor. 
The countercurrent heat exchanger used to collect 
experimental data on heat-capacity ratios is shown in 
Figure 4 (2), The core o.f this heat exchanger consisted 
of a stainless steel mandrel with a i-inch copper tube 
wrapped spirally around it. This !-inch copper tube 
had ten !-inch fins soldered to it per inch, for better 
heat transfer. A stainless steel tube enclosed the mandrel 
and copper tubing to form the shell of the heat exchanger. 
The low pressure gas flowed through the annular space 
between the mandrel and the shell while the high pressure 
gas flowed countercurrently through the i-inch copper 
tubing. In the space between the fins and inside 
wall of the shell was wrapped a 1/16-inch in diameter 
cord to prevent channelling of gas along the wall, 
The temperature changes across both the high and 
" low pressure side·s of ·the heat exchanger .were measured 
with thermopiles. The absolute temperatures at the heat 
exchan~er high pressure inlet, high pressure outlet, and 
low pressure outlet were measured with thermocouples. 
The thermopiles and thermo·couples voltages were measured 
by a 7555 type JC-5, Leed and Northrup potentiometer 
and accompanying galvanometer (No. 9834-1). 
During the course of this investigation, the high 
pressure stream had three different sets of thermocouples 
14 
FIGURE 4, HEAT EXCHANGER CALORIMETER 
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,: 
and thermopiles to measure temperatures, while the low 
pressure side had only one. The first set of high 
pressure ·inlet and outlet thermocouples and thermopile 
were used for half of the 39,52°c nitrogen isotherm 
when t~e high pressure side was being heated. Both 
the thermopile and thermocouples were made from 
40-gauge, Tefl.on coated, thermoelectric grade chromel-
constantan. wire. The thermopile had 25 junctions and 
the wires leading to th·e junctions for the thermopile 
and two thermocouples extended 11.25 inches into the 
heat exchanger inlet and outlet tubes. The 11.25 
inches was sufficient to promote good heat transfer 
between the gas and wire so that the junction temperature 
would not be affected by heat leak up the wire to the 
surrounding environment. A platinum resistance thermo-
meter calibrated by the National Bureau of Standards 
was used to calibrate the high pressure inlet and outlet 
thermocouples (See Appendix A for further details). 
The first high pressure thermopile was not calibrated 
with a platinum resistance· thermometer. It was shown 
that accurate temperature readings were being made 
with the first thermopile. by a successful J9,52°c 
nitrogen isotherm and from the voltage difference.s 
between the two thermocouples agreeing with the thermopile. 
The second high pressure thermopile was composed 
o.f seven junctions of standard grade, Teflon coated, 
16 
'< .,. c-, .................. ' -~~ .,, - . 
copper-constantan, JO-gauge thermocouple wire supplied 
by Omega Engineering Incorporated. One of the seven 
junctions on both sides of the heat exchanger served 
as a thermocouple to measure the high pressure inlet 
and outlet· temperatures. The junctions were soldered 
together with tin-lead electrical solder and were then 
coated with epoxy to prevent the bare junctions from 
electrically grounding on the inlet and outlet tubes. 
The wires leading to the junctions extended 13,25 ir:iches 
into the high pressure inlet and outlet tubes inside the 
vacuum vessel for better heat transfer between the circu-
lating gas and junctions. The second high pressure 
inlet thermocouple, ou,tlet thermocoupie, and thermopile 
were calibrated with the platinum resistance thermometer. 
The procedure and results of this calibration are 
discussed in Appendix A. The second high pressure 
thermopile and two thermocouples were used for the 
second half of the nitrogen isotherm when the ·high pressure 
side was being cooled ~d the 39,96.°C Freon-13 isotherm. 
The third set was used for the 26. 01°c· and· 55. oo0 c 
Freon-13 isotherms. The thermopile used for the third 
set had only four junctions with one of four serving as 
th.e thermocouple for the high pressure inlet and outlet. 
The two thermocouples were made from 24-gauge, .nylon 
coated, standard grade, copper-constantan, wire supplied 
17 
by Omega Engineering Inc. The rest of the thermopile 
was composed of the same 30-gauge wir~ as the second 
set, The junctions were also s·oldered and epoxied in 
the same manner as the second set. The wires leading to 
the junctions extended 13.0 inches into the high pressure 
inlet and outlet tubes inside the vacuum vessel. The 
third set was also calibrated with the pla~inum resistance 
thermometer. The procedure and results of the calibration 
are discussed in Appendix A. 
-The low pressure thermopile used throughout this 
investigation was built identical to the first, chromel~ 
constantan nigh pressure thermopile, The successful 
nitrogen isotherm showed the low pressure thermopile gave 
accurate temperature readings·i This thermopile was not 
cali_brated with a ·platinum resistance thermometer but 
in a different manner, which is discussed in Appendix A. 
The low pressure outlet thermocouple was identical to 
the first high pressure outlet thermocouple· made from 
chromel-constantan. The low pressure outlet thermocouple 
was calibrated against the platinum resistance thermometer 
and the results are. shown in Appendix A. T:tiere was no 
low pressure inlet thermocouple used 'in this investigation. 
To prevent heat transfer from the heat exchanger 
to the surrounding ambient environment, the heat 
exchanger was housed in a cylindrical vacuum vessel filled 
with perlite·powder and evacuated to 0,03-0,05 mm Hg,· 
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To decrease energy lost by conduction from the heat 
exchanger, the two inlet and outlet tubes leading from 
the heat exchanger were made out of thin wall stainless 
steel (See Figure 4). These four tub.es passed through 
the stainless steel flange of the vacuum vessel with 
bayonet-type couplings. This type of coupling kept 
conduction between the flange and the tubes .at a minimum, 
Energy lost by radiation from the heat exc·hanger was 
minimized by circulating water, at the same mean 
temperature as the heat exchanger around the vacuum vessel. 
The water was carried in copper t'!lbing spirally wrapped 
around the top, sides, and bottom of the vacuum vessel, 
Finally., piles of asbestos and fiberglass insulation 
surrounded the vacuum vessel to· insulate it from the 
surrounding environment, 
The constant temperature bath for the water circu-
lating around the vacuum vessel consisted of a Dewar 
to contain the fluid, a temperature controller, and a 
mixer to agitate the bath. The mixer also powered a 
centrifugal pump to circulate the water around the 
vacuum vessel, The temperature controller was supplied 
by American Instrument Company and consisted of a 
supersensitive relay (No •. 4-5300) , a bimetal thermo-
regulator (No, 545) and a heating element of about 100-
watt oapacity, The bath also had a finned tube heat 
exchanger in it to run cold air or water though. To 
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prevent heat loss and evaporation from the bath, the top 
of the Dewar was sealed off ~ith a metai plate from the 
environment. The mixer rested on the metal plate. A 
rubber gasket was sandwiched between the Dewar and metal 
plate for a tight seal. 
The test gas that flowed through the heat exchanger 
was pressurized and circulated in the system with a 
Corblin, two-..stage, Vee-shaped, water-cooled compressor. 
The Corblin compressor handle_d 3. 5 standard cubic feet; 
of gas per minute at a second s~age discharge pressure 
of 3600 psig. Steel diaphragms for both sta·ges were used 
to separate the gas from the hydraulic oil which acted 
upon the piston. These diaphragms ~revented contamin-
ation of the gas by the oil. 
The circulating gas passed from the compressor 
into i-inch copper tubing which led to a pipe 3 feet 
long by 3 inches in diameter. The purpose of this pipe 
was to ·dampen the oscillations in the gas flow rate 
caused by the compressor. 
The gas temperature was then adjusted by two baths 
in series before it entered the heat exchanger. The 
first bath was used to adjust the gas temperature to 
approximately the -desired value. The second sma.ller bath 
was used to set the gas temperature at exactly ·the desired 
value for the high pressure inlet temperature. 
The first bath used a Bayley model number 124 
' ( 
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precision temperature controller to supply a variable 
voltage to. a 500-watt immersion heater. A Fisher 
laboratory mixer connected to a Powerstat was used to 
stir the bath with varying mixing. speeds. The fluid 
used for this bath was water with Styrofoa.II). beads 
floating on· the surface to prevent heat loss and 
evaporation. The temperature of the water was controlled 
+ 0 to -0.02 C. 
The second high pressure bath used a Bayley model 
250 precision temperature. controller with a 100-watt 
immersion he~ter for the 26.01°c and 39.96°c Freon-13 
isotherms, and with a 500-watt heater for the 55,00°c 
Freon-13 isotherm and 39,52°c nitrogen isotherm. A 
Fisher laboratory mixer connected.to a Powerstat was 
used to produce random.mixing throughout the bath. For 
the desired degree of temperature control, it was necessary 
to use a constant flow cooling source to balance out 
part of the heat s~pplied by the immersion heater. 
Either ice-cooled air, for the 26.01°c isotherm, or 
room temperature air, for the other three isotherms, 
was put through a finned tube heat exchanger inserted in 
the bath for this purpose. Temperature control to a 
.few tho.usandths of a degree was achieved with this bath. 
The i-inch tubing between the first high pressure bath 
and. heat exchanger inlet was insulated from the envir·on-
ment with foam rubber to prevent h~at loss. 
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Before the high pressure gas entere.d the heat 
exchanger the pressure was measured with a Heise bourdon 
gauge (No. H33493). Th.is gauge had a pressure range 
of Oto 3000 psia with the smallest· increment being 
J psia. A Ruska deadweight gauge was used to calibrate 
this Heise gauge, as describsd in Appendix A, The gas 
then entered the heat exchanger. 
After the gas left the high pressure side of the 
heat exchanger, it was necessary to reduce the gas 
pressure. This reduction was ac.complished by two needle 
valves in series. Since the gas became quite cold after 
expansion during the three Freon-13 isotherms; extra 
heat was needed to supplement the low pressure conditioning 
bath. The extra he·at also prevented the needle valyes 
from freeztng. For this purpose, an electrical heating 
tape. was wrapped around :the needle valves and the copper 
tubing, which led to and from the needle valves. The 
Fr~on-13 became quite cold after expansion due to the 
Joule-Thomson effect. 
Parallel to the two needle valves .were two }-inch 
Swagelock valves in series. These two valves were used 
when the system was either being shut down or started up. 
After expansion, the gas temperature was adjusted 
by the low pressure conditioning bath before it entered 
the heat exchanger. The low pressure bath used a model 
number 237 Bayley precision temperature controller with 
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a 500-watt immersion heater. Agitation for the bath 
was provided by four impellers on a centrally located 
shaft. The shaft was rotated by a variable speed Fisher 
laboratory mixer. The fluid for the bath was either 
water or a 50% to 50% by volume mixture of ethylene 
glycol and water for the 26.01°c isotherm. 
The low pressure conditioning bath also had a finned 
tube heat exchan_ger inserted in it. The finned tube 
heat exchanger had a cooling fluid flowing thro~gh it to 
balance out some of the heat from the 500-watt heater. 
The·cooling fluid was room temperature air for the 
39,52°c nitrogen isotherm, 39,96°c Freon-13 isotherm and 
55o00°C Freon-13 isotherm. The cooling fluid used for 
the 26.01°c Freon-13 isotherm was ice cooled air or 
. . 
0 
water when the bath temperature was below JO C and room 
temperature air or water when the bath tempera tur.e was 
between 30°c .and 62°c. No cooling fluid was used when 
the low pressure bath temperature was above 62°c. The 
·~ low pres~ure bath used Styrofoam beads, on the surface 
of the fluid, to prevent heat loss and evaporation. 
Temperature in the low pressure bath was controlled to a 
few thousandths of a degr·ee. The !-inch tubing between 
the low pressure bath. and heat exchanger wc1-s insulated 
with foam rubber to prevent heat loss·. 
After the low pressure gas exited the heat exchange·r, 
the absolute pressure and pressure drop through the heat 
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exchanger were measured with mercury manometer~. 
The gas then went through a .Fisher-Porter rotameter 
(model number FP-}-27-G-10/8) before returning to the 
compressor. The rotameter was calibrated by the 
manufacturer to read 100 for a gas _flowing at 4.60 SCFM 
with a specific gravity of 1,0 at 14,7 psia and 70°F. 
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EXPERIMENTAL PROCEDURE 
Purging the system of impurities and loadirig pure 
Freon-13 was accomplished before any experimental work 
began. This Freon-13 was donated by DuPont. and was 
determined by chromatograph studies to be 99,85% 
pure (4). 
A vacuum was pulled on the system until the system 
pressure was between 100 to 250 microns. Freon-13 
was then injected into the system until the pressure 
was two atmospheres-. This procedure of pulling vacuum 
and pressurizing w~s repeated twice. more. A gas chroma-
tograph check was then made on the Freon-13 in the system 
to check for any air, An activated alumina column on 
the Beckman/ GC-2A gas chromatograph was used to separate 
the air from Freon-13. Chromatograph checks througho.ut 
the three Freon-13 isotherms revealed no detectable air. 
Since the gas chromatograph can detect less than 0,05% 
air in a sample, the Freon-13 in .the sys-tern was· at 
least 99,85% purity. 
Twelve hours before a run-was started the stirrer/ 
pump and temperature controller for the water pumped 
around the vacuum vessel was turned on and set 1 to 2 c
0 
·above the mean high pressure temperature for that run. 
The Bayley temperature contr·oller for the first high 
pressure bath was set at ·the depired high pressure -inlet 
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temperature at this time also. 
An hour -and a half before the run was initiated, 
oil was added to the compressor, a deionized ice bath 
for the thermocouples reference junction was prepared, 
the battery for the 7555 type K-5 Leeds and Northrup . 
potentiometer was connected and power for the galvano-
meter turned on. The galvanometer w~s .allowed to warm 
up for 2,0 to JO minutes and the three thermocouple 
voltages inside the heat exchanger·were then measured, 
This measurement was to determine what temperature 
adjustment, if any, the bath for the water circulating 
around the vacuum vessel needed, The vacuum pumps· for 
the vacuum vessel were then turned on and the fluid 
levels for the two high pressure and low pressure baths 
were checked. 
Next the low pressure and second high pressure bath 
stirrer and Bayley temperature controller were turned on. 
The tempera,ture controller for the high pressure· bath 
was set ·:;i.t a slightly higher temperature than the ·high 
pressure inlet temperature to the heat exchanger to 
account for heat losses between the bath and thermocouple, 
The low·pre~sure bath temperature controller was also 
set at a slightly higher value than the low pressure 
inlet temperature. After the two baths were heated up 
to approximately the desired temperature level, the 
26 
- .;...~ .~---~--
J 
constant cooling sources going througQ the two finned 
tube heat exchangers were turned on. The flow rates 
for the cooling sourc~s were adjusted with the regulating 
valves by trial and error until the baths were 
operating at steady state. An important indicatiol'.l 
that the second high pressure and the low pressure baths 
were operating at a con.stant temperature level was when 
the control heat meter on the Bayley temperature controllers 
read consistently between 10 ancl. 40. 
Before s:t"arting the compressor, all the valves in 
the system were fully opened except for the valv~s 
seperating the storage tank and gas supply from the system, 
compressor bypass valve, first pressur·e reducing valve 
. 
and !-inch valve in parallel with the first reducing 
valve. These valves must be closed, The cooling water 
for the c·ompressor was then turned- on, and the compressor 
was started, 
Im!.1!..ediately after the compressor was started" the 
first pressure reducing valve, the i-inch Swagelock valve 
in parallel with it, and the bypass valve were partially 
opened. These valves were adjusted so that the pressure 
on the low pressure side of the reducing valves, as 
measured at the outlet of the heat exchanger, was one 
atmosphere. The compressor was then allowed to run for 
10 to 15.minutes with a pressure of less than 100 psia. 
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This 10 minute waiting period was to allo~ the compressor 
to warm up and get the oil circulating in it. 
After the compressor warm-up ~eriod the two Swagelock 
valves in parallel with the two pressure reducing valves 
were shut. Freon-13 (or nitrogen) .was then allowed into 
the system from the storage tank and the system pressure 
brought up to the desired level. After this level was 
reached; the values leading to the storage tank were 
closed. The reducing valves and compressor bypass 
valve were adjusted so that the pressure being·measured 
on the low pressure side of the reducing valves was 
exactly one atmosphere and the rotameter read 100. 
T.he second high pressure and the low pressure baths 
were then adjusted so that the thermocouple measuring 
the high pressure inlet temperature and the. high 
pressure thermopile were at the desired voltages. 
These temperature adjustments us.ually took between one 
and three hours. For some data points, a heating tape 
wrapped along the tube leading from the reducing valves 
to the low pressure bath was turned on to preheat the 
Freon-13, 
After the desired temperature levels had been reached 
the system was allowed· to run about an hour before the 
first measurements were taken. During this waiting 
period, if the need arose, small adjustments in the 
temperature controller settings for either the second-
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high pressure or the low pressure bath were made to 
keep the thermocouple voltage. readings at the desired 
level. The· re~son for the hour long waiting period was 
to make sure all parts of the system we.re in thermal 
equilibrium and the tips of the thermocouples and 
thermopiles were at the same temperature as the 
surrounding gas. 
The measurements made after the hour wait were the 
pressure on the high pressure side of the heat exchanger, 
the voltage readings of the h1gh pressure inlet and outlet 
thermocouples, the low pressure outlet thermocouple, and 
both the high and low pressure thermopiles. The voltages 
were _read to 1x10-7 volts with the K-5 potentiometer. The 
pressure was measured by the He~se gauge to the nearest!. 
psi. Also measured were the manometer reading for the low 
pressure side of the heat exchanger, the pressure drop 
across both sides of the heat exchanger as measured by a 
manometer and Heise gauge (See Figure}), the rotameter 
reading, the vacuum inside the vacu~ vessel, and the time 
the readings were taken. The vacuum inside the vacuum 
vessel was always between 0.03 and_0.05 mmHg. 
Every 15 to 20 minutes, for an hour to two hours, 
another set o~ readings were taken. When the thermopile 
ratios were constant for four to five sets of readings 
along with the other properties, no further measurements 
were taken. These four to five sets of measurements 
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were then used to obtain a single data point. The 
data are shown in Appendix B, 
After the measurements for the first data point 
were taken, the pressure was readjusted by letting gas 
into the system from the storage tank or letting it flow 
back into it. Once this new high pressur·e level was 
achieved the reducing valves and compressor bypass were 
readjusted so that the rotameter read 100 for the flow 
rate and the pressure on the lo~ pressure side was 
one atmosphere, 
The two high-pressure bath temperatures needed 
little adjusting because the high pressure inlet 
temperature remained the same. The low pressure bath 
temperature needed to be adjusted to keep the temperature 
drop a·cross the high pressure side of the heat exchanger 
constant, After steady state was achieved in about an 
hour to an hour and a half, the four sets of measurements 
were again taken. It always took less time to rea.ch 
steady state for this pressure change than the first 
·d·ata point because the temperature adjustments to the 
baths were smaller. The procedure for the remaining 
data points was the sam.e as the second. 
When it was· time to shut the sy_stem down, a valve 
on the high pressure side of the reducing valves was 
opened to allow the circulating gas to escape into the 
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storage tank, Once the gas was in the tank, power to 
all the equipment was turned off except for t~e compressor, 
the first large high pressure bath and the bath for 
the vacuum vessel, The battery for the potentiometer 
was also disconnected, The compressor bypass valve 
was then shut followed by the first reducing valve 
and i-inch Swagelock valve in para_llel with it. 
Immediately after these three va1ves were shut the 
compressor was turned off, As soon as the compressor 
was shut down the valve leading to the stor~ge tank and 
valve A (see Figure 3)· were closed. Any pressurized 
gas between valve A and the compressor was purged from 
the system, otherwise it would leak back th~ough the 
compressor and damage the low pressure side of the 
apparatus. A positive pressure of at least 10 inches 
of mercury was -kept in all parts of the system after 
shutdown. This positive pressure was to keep air from 
diffusing into the system. 
As a precaution all valves throughout the system 
were then closed, The water for the compr_essor wa~ allowed 
to run for a while longer before it was turned off, 
The only equipment left running was the temperature 
controller and agitator for the first high pressure 
bath and the bath for the vacuum vessel. 
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ERROR ANALYSIS· 
The error involved in the pressure and temperature 
measurements made during this investigation and the 
effect of this error on the heat-capacity ratios are 
discussed in this -s~ption. The errors associated with 
gas purity and flow rates are·also discussed. 
The five measurements necessary for ~very data· 
point were the pressure on the high pressure side of the 
heat exchanger, high pressure inlet temperature, low 
pressure outlet temperature and the two temperat"ure 
differences across the heat exchanger. The calibrations 
for the pressure gauge, thermocouples arid high pressure 
thermopiles are discussed in Appendix A. 
The e·rror involved in reading the Heise pressure 
gauge was determined from th~ calibration values given 
in Appendix A-1. Deviation in Table A-1 is defined as 
the Ruska deadweight gauge reading mipus the Heise 
pressure gauge reading. Eighty percent of the deviations 
in this table are within- !1.5 psia of the correction 
factor of +1.0 psia. Therefore, ~1.5 psia was adopted 
as a reasonable error estimate for the Heise gauge. 
The two copper-constantan high pressure thermopiles 
were calibrated with a platinur.1 resistance thermometer. 
This platinum resistance thermometer was itself 
calibrated at the National Bureau of Standards,: and is 
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accurate to 0.001 C. The calibration for the two copper-
constantan thermopiles produced four voltage-temperature 
curves. The first two curves were for the i6.01°c isotherm 
(thermopile calibrated twice for this isotherm), the 
third curve for the 39,96°isotherm and half of the 
nitrogen isotherm and the fourth curve for the 55,00.
0c 
isotherm. The calibratfuon values for the 39,96°c, 
55o00°C and one curve for the 26.01°c isotherm were fitted 
to a second degree polynomial. The other curve for the 
26o01°C isotherm had only three points and therefore 
could not be fitted.to a second degree polynomial. The 
thermopile calibration values for the 26.01°c and 
55,00°c isotherm are shown in Table A-2. 
The calibrated thermopile voltage minus the calculated 
voltage from the second degree polynomial, for a given 
temperature ·is defined as the residual, The residual is 
the amount of uncertainty or error in the voltage reading 
calculated from the polynomial at a given temperature. 
This uncertainty in the voltage readings amounted to a 
maximum error of ±.0,01°C for the temperature intervals 
being measured by the high pressure thermopile, The 
voltage difference between the two calibration curves 
for the 26.01°c isotherm was also less than 0.01°c for 
the 2°c temperature change being" measured in the }?.igh 
pressure side for that isothermo 
Therefore the error estimate of±. 0.01°c for the high 
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pressure thermopile is a reasonable one. 
The temperature. change measured by the low pressure 
thermopile had an error estimate of ~0.34%, A ~0.34% 
· error is equivalent to +0, 007°c for a 2°c temperature 
change and +o.051°c for a 25°c temperature change. The 
:t_0,34% error estimate was based on measuring five known 
temperature differences with the thermopile.. These 
temperature measurements are shown in Table A,..6, The 
low pressure thermopile temperature reading agreed to with-
in 0.34% of the known temperature difference for four 
out of five measurements. Therefore ~0.34% is a reasonable 
error estimate for the low pressure thermopile. 
The error involved in using the high pres.sure 
inlet thermocouple can be estimated by the scatter about 
the mean deviation value produced in calibrating the 
thermocouple a The th_ermocouple calibration procedure 
is described in Appendix A. The mean deviation value is 
the correction value .added to the thermocouple's voltage 
in obtaining a temperature measurement. The high pressure 
inlet thermocouple was calibrated 17 times ;for the 
39,96°c Freon-13 isotherm, five times for the 55a00°C 
isotherm and three time$ for the 26.o1°C isotherm. 
The maximum value for the scatter about the mean deviation 
' 0 ' -6 
value for the 39a96 C isotherm was 2,3 x 10 v 
( 0 IO 55°c) I 0 The scatter for the _26. 01 C isotherm and 
four- out of five calibration points for the 55,00°c 
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isotherm was also less than 2,3 x 10-6 v(o.056°c). 
Therefore, the error estimate for the ·high pressure 
inlet thermocouple· for all isotherms was estimated at 
+o.o6°c. 
-
The error for the temperature readings from the low 
pressure outlet thermocouple was estimated by_Marruffo 
at t0,01°C(1), Marruffo's calibration of the low 
pressure outlet thermocouple is shown in Table A-3, 
The ±,0,01°C has no noticeable contribution to the total 
error for the heat-capacity ratio. 
The error in the heat-capacity ratio as a result of 
flow variations was very small, The largest variation 
was 3 divisions on the rotameter and would have resulted 
in less than a 0.1% change in the heat-capacity ra:tio(2). 
The error caused by impurities in the system was 
assumed to be zero for all -isotherms. This is an excellent 
assUil).ption because a gas chromatograph check for all 
t_hree Freon-13 isotherms was made on the system and no 
detectable impurities were found, 
Using the Peng-Robinson equation of state (7), 
calculations were performed to determine what effect 
the ·error in the Hei_se pressure gauge and the high 
pressure inlet thermocouple would have on the heat-
. ____ ), . 
capacity ratio. This calculated error was then compound-
ed with the thermopile error to yield the most probable 
error for the seven points. A sample calculation is 
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shown in Appendix E for determining the most probable 
experimental error. 
As can be seen from Table I and Figures 6, 7 and 8, 
the greater the slope of t·he heat-capaci ty"".ratio-versus-
pressure curve the greater the error, The largest error 
.. 0 
for the 55.00 C isotherm is +0,84%, tne largest error 
for the 39,96°c isotherm is estimated at. ,:t.2.46%, · At· 
the peak of the heat-capacity-ratio-versus"".pressure 
curve the error is small because the slope is cl_ose to 
zero, The error at the peak for the 39,96°c isotherm is 
:t_0.77%, and for the 55,00°c isotherm the error at the 
peak is .±.0,62%, The error for all the isotherms where 
the ratio is close to unity is estimated at +0.60%, 
The ·error for the .26.01°c isotherm is large where the 
pressure increases exponentially with pr~ssure. For 
510 psia and 26.01°c, the most probable error .was cal-
culated to be .:t. 3,77%, 
The Heise pressure gauge and high pressure inlet 
thermocouple contributed most of the error in the heat-
capcity ratio when the slope of the heat-capacity-ratio-
versus-pressure curve was large. When the slope was 
not large arid close to unity, then most of the er.ror 
in the heat-capacity ratios was contributed by the two 
thermopiles. 
In conclusion the ·error estimate is a function of 
the slope of· the heat-capacity-ratio-versus-pressure 
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curve, The greater the slope the greater the error. 
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ERROR ANALYS_IS 
Isotherm Most Probable 
Temperature Gas Pressure Experimental ·Error 
(oC) (psia) (%) 
26.01 CC1F3 510.0 !J,77 
39.96 CC1F3 300·. 0 +0.59 
39.96 CC1F3 670.0 
+2.46 
39,96 CC1F3 705.0 +0.77 
55.00 CC1F3 800.0 
!_0.84 
55a 00·. CC1F3 900.0 .+
O .-62 
39i52 N2 Any Pressure +0.60 
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EXPERIMEN~AL RESULTS _FOR NITROGEN AT 39,52°c (312,67 K) 
The major purpose of running nitrogen iri the system 
was to verify that the experimental equipment was capable 
of obtaining accurate heat-capacity ratios. The 
experimental results for the heat-capacity ratios of 
99,998% pure nitrogen are shown in Table II and Figure 5. 
Ten data points of - AT0/6T, between 200 and 1300 
psia were taken when the high pressure side was being 
heated and again when it was being cooled, These data 
are shown in Appendix B, The data for both the heating 
of the high pressure side and cooling of it were fitted 
to ·a third order polynomial using the least ·square·s 
method, The heat-capacity ratio at any pressure is the 
mean value between the two lines of -6 T0 /6T, as required 
by Equation (1)i 
Marruffo (1) and Balaban (2) also investigated 
0 · 0 
nitrogen at 39,99 ·c and 39,6 C. Their results are shown 
for comparision in Table II along with t.h,e· 39, 6°c results 
calculated. from the Bloomer-Rao _( 6, 1 )_, and virial ( 1) 
equations of state, These two equations of state used 
the zero-pressure heat capacity for ~itrogen instead 
of CplATM in calculating the heat-capacity ratio. ·The 
* difference between CplATM and Cp is only 0.11% and, 
there.fore, did not cause much error in estimating 
Cpm/CplATM' The ~ero-pressure heat-capacity equation 
for nitrogen is discussed in Appendix D. 
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The experimental heat-capacity ratios of this 
investigation are 0.4% to o._65% larger than those of 
Marruffo's and between O.J% to o.45% larger than 
Balaban's. The fact that the mean temperature of this 
investigation's nitrogen isotherm was o.47°c lower 
than Marruffo's accounts for 7,5% of the 0.4% to 0.65% 
difference. The O. 08.0 c mean temperature difference 
between this investigation's nitrogen isotherm and 
Balaban' s ni tro_gen isotherm ~ccounts for only 1, 5% of 
the 0,3% to 0,45% difference. 
By comparing the nitrogen results of this investiga-
tion with the results f~om the two equations of state 
and the two previous sets of· experimental results, it 
can·be concluded that the experimental apparatus can 
.be used to obtain .accurate heat-capacity ratios. The 
error in the nitrogen he~t-capaci ty rat:i,.os caused by 
-inaccuracies in the thermopiles, thermocouples and 
pressure gauge was esttmated at :0.60%, For the nitrogen 
isothe·rm in this investigatiqn, the change in temperature 
of the high pressure stream when it was being heated was 
4.oo0c and when it was being-cooled, it was J.83°c. 
The error in the heat-capacity ratio caused by having 
two slightly different temperature changes in the high 
pressure side for heating and cooling was negligible. 
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FIGURE 5 
EXPERIMENTAL AND CALCULATED Cp RATIOS FOR NITROGEN 
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TABLE II 
-I EXPERIMENTAL AND CALCULATED HEAT-CAPACITY 
i 
! RATIOS FOR NITROGEN AT 39,52°c (312, 67 K) 
PRESSURE EXPERIMENTAL Cp RATIOS CALCULATED BY 
{;t 
~!~t . 
. ,''.< Marruffo1 2 v· · 1
2 
,,. Psia Bar This Work Balaban :e-R2 
::i 
1r1a 
" 
~ 200 13.79 1 •. 021 
·! ,. 17.24 1.026 $. 250 
.! 
t' 
·1 
.::, 300 20.68 1.030 1.025 1.026 
1.027 
' ~ 
'! ii 
i 24.13 1.034 
:J 350 1.030 1. 030 
1,031 1. 032 
\ 
~~ 400 27,58 1,039 1,.035 1.035 1,035 1.036 
' 
450 31.03 1,043 1,040 1,040 1,040 
1,041 
500 34,47 1.048 1,044 1,045 1.045 
10046 
550 37 .• 92 1.053 1. 049 1.050 1,049 1. 051 
·t 
·':'. 600 41.37 1,058 1.054 1.054 1. 05·4 1.055 i 
650 44.82 1.063 1,058 1.060 1.059 
1.060 
,i 
t 700 48.26 1.068 1. 063 1.065 1.064 
1.065 
·,l 
.. 
750 51. 71 1.072 1. 068 1.069 1.068 
1. 070 
,\ 
'· ~ 800 55.16· 1.077 1.072 1.074 1. 073 1. 074 
850 58.60 1,082 1,077 1. 078 ~a078 1.079 
ti 900 60.05 1,087 1. 081 1,083 1,082 1. 083 ., 
t 
(, 
'/ 
i 65.50 1.086 1,087 1. 087 1. 088 950 1,092 
1000 68.95 1,097 1.090 1,092 1.-091 1. 093 
1050 72,39 1.102 1.095 1,097 1.096 1. 097 
1100 75.84 1.106 1. 099 1,101 1.101 
1.102 
1150 79,29 1.111 1.104 1.105 1.105 
1.106 
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TABLE II (continued) 
PRESSURE EXPERIMENTAL Cp RATIOS CALCULATED BY 
Psia 
1200 
1250 
1300 
1350. 
1400 
Bar This Work Marruffo1 Balaban2 B-R2 v· · 1
2 1r1a 
82,74 1.115· 1.108 1.110 1.110 1.111 
86.18 1.119 1.112 1..114 1.114 1.115 
89.63 ·1.123 1.117 1.118 1.118 1.119 
93.08 1.121 1.123 1.123 1.124 
96.53 1.1-25 1,127 1.127 1,128 
1 Reported at 39,99°c 
' ' 0 2 Reported at 39,6 C 
B-R is an abbreviation for the Bloomer-Rao equation 
of state. 
4} 
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PREDICTION OF THE HEAT-CAPACITY RATIOS WITH THE 
PENG-ROBINSON EQUATION OF STATE 
The constant-pressure heat capa~ity is ~qual to 
the following relation involving pressure (P), temper-
atur~ (T), molar volume (V), ideal gas heat capacity 
* (Cp), and the universal gas constant (R): 
(.a.) 2 
* T\' V 
Cp = Cp - R - (£..._P) 
av T 
(15) 
Using the Peng-Ro-bin.son equat_ion of st~te (7), the 
above relation was used to estimate the experimental 
heat-capacity ratio (CpHpiCp1ATM) for Freon-13 (CC1F3). 
The Peng-Robinson equation of state is shown below, 
RT aT 
p = V-b - V(V+b) + b(V-b) (16) 
with: .( 17 ). 
RTc (18) b = 0,07780 p 
C 
and where: 0,45724 
(RTc) 2 (19) aT = ·p 
C C 
1 )2 X = (1 + K(1. - (T/Tc) 2 ) (20) 
K = o. 37464 + 1. 54226'6> - o. 26992ui (21) 
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The derivatives and integral in Equation (15) were 
solved analytically with the Peng;..Robinson equation 
of state to yield the fo1lowing result. 
* ' 
R 
V-b -
Cp = Cp - R - TE ~~-b)2 
+ 
2 
v2 + 2bV - b 
1n (2V - 0, 82843b) 
2V + 4.82843b 
To calculate the heat-capacity ratio for CC1F3, 
or any gas, four constants are needed in Equation (22), 
These four constants are the acentric factor (C.U), 
critical temperature and pressure (Tc and Pc) and ideal 
* gas heat capacity (Cp). The critical temperature for 
(22) 
CC1F3 was 
experimentally determined to be 302.00 K by 
Albright and Martin {J), The acentric factor was calculated 
from the definition to be equal to 0,177, using Albright 
and Martin's experimental vapor pressure data. The 
critical pressure .for CC1F3 was experimentally 
determined 
to be 38.60 atmospheres by Michels, Wassenaar, Walkers, 
Prins and Klundert (8). The ideal gas heat capacity 
for CClFJ was derived from spectroscopic analysis and is 
discussed in Appendix D, 
I 
:I 
I ' 
I :. 
i ' 
The calculations for determining heat-capacity 
ratios of Freon-13 by the Peng-Robinson equation of 
state were carried out in this investigation for 
0 60 . 0 26,01 C, 39,9. C and 55,00 C, These calculations were 
done· with a computer by first s.olving Equation (16) 
for molar ·volume at a given temperature and pressure. 
Then Equation (22) was solved, and the result divided 
by CplATM to yield the heat-capacity ratio. The 
calcu.lated values of CpmJCpiATM are shown and discussed 
in the next section of this report. 
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EXPERIMENTAL AND CALCULATED HEAT-CAPACITY RATIOS FOR CClFJ 
The experimental constant pressure heat-capacity 
ratios for the three CClFJ isotherms are shown in Tables 
IV through VI and Figures 6-8. The calculated estimates 
of the ratios using the Peng-Robinson equation of state 
are shown in the tables and figures also • 
The experimental heat-cap_aci ty ratios were derived 
from the temperature ratios shown in Append.ix B by {itting 
the temperature ratios for the heating and cooling of the 
high pressur·e side to a cubic spline. The. experimental 
heat-capaci_ty -ratios were equal to the mean value between 
the two cubic spline curve·s at a given pressure. The only 
exception to this method of calculating Cp ratios was for 
the three cooling and two heating data points between 541 
psia a.I?-d -591 psia for the 26.01°c isotherm. These points 
were close to the extreme peak where the slope of the ratio-
versus"'.'pressur~ c·urve was very steep (See ·Figure 6). Inter-
polation with a cubic spline was used through these five points 
because there was not enough data to take the mean. 
The experimental results show that the heat-capacity 
ratio is close to unity for .pressures of 200 psia or less. 
For pressures greater than 200 psia, the heat-capacity 
ratio increases with pressure, peaks then decreases 
(See Figures 6..;8). The position and magnitude _of the peak 
depends upon the isotherm temperature. The greater 
( 
. I 
l 
the isotherm temperature, the greater the pressure for 
the peak but smaller the magnitude of the peak itself, 
The 39.96°c isotherm. has a peak heat-capacity ratio of 
6,953 at 703,5 psia and the 55,00°c isotherm has a peak 
of J,412 at 897a75 .psia. For the 26.01° isotherm, the 
magnitude of the peak is very large and it could not 
be experimentally determtned. The pressure for the peak 
was estimated at 528 psia for the 26.01°c isotherm but 
this could not be experimentally verified, Two 
attempts were made to obtain data between 525 psia and 
539 psia during the 26.01°c isotherm. For both attempts, 
no change in temperature was detected across the high 
pressure side for very large temperature changes on the 
low pressure side. The low pressure ba t_h was as hot 
as it could get for both attempts. The largest temper-
ature ratio recorded i~ this investigation was 18.705 
at _540 psia for the 26.01°c isotherm. 
The shape of the heat-capacity-ratio-versus-
pressure curve leading up to the peak is also a functi.on 
of temperature. The heat-capacity ratio for the 26.01°c 
isotherm has a .sudden exponential rise t_o the peak. -For 
the 55.00°c isotherm, the change in the heat-capacity 
ratio with pressure is gradual up to and beyond the peak. 
The slope leading to the peak for the 39,96°c isotherm 
is intermediate. 
The results from the Peng-Robinson equation of 
state show that it did a good job of estimating the 
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shape of the heat-capacity-ratio-versus-pressure curve 
for all three isotherms (See F°igures 6-8), The Peng-
Robinson equation predicted the exponential rise in the 
heat-capacity ratio with pressure for the· 26, 01 °c isot~erm 
as well as the gradual rise of CpJIPl"CptATM with pressure 
for the 55,00°c isotherm. 
The Peng-Robinson equation of state estimated within 
1,0% the pressure for the peak-heat-capacity ratio for 
the .39.96°c isotherm and 55.00°c isotherm. The Peng-
Robinson equation failed to predict the magnitude of 
the CpHp/'CplATM peak, For the 39,96°c isotherm the 
experimental peak is 20,75% larger than the p~ak estimated 
by the Peng-Robinson equation of state and for the 5·5. oo
0
c 
isotherm the experimental peak is 14.77% larger. Table 
III summarizes the. magnitude of the experimental and 
Peng-Robinson peak-heat-capacity r~tios and pressure 
at the peaks for all three Freon-13 isotherms. 
TABLE III 
SUMMARY OF PEAK EXPERIMENTAL AND PENG-ROBINSON 
HEAT-CAPACITY RATIOS 
EXPERIMENTAL 
PEAK VALUES 
PENG-ROBINSON 
PEAK VALUES 
ABSOLUTE 
DIFFERENCE 
Iso~herm Pressure Ratio Pressure Ratio Pressure Ratio ( C) (Psia) (Psia) (%) (%) 
26.01 528.0 --- Undetermined (299,16 K) 
39,96 703,5 6.953 (313,11 K) 
706.5 5,510 0,43 20.75 
55,00 897,75 3,412 906.4 2,908 Oa96 14,77 (328,15 K) 
% A
DBIFSFOLERUENTECE = 100 EXPERIMENTAL VALUE - PENG-ROBINSON VALUE . 
V . 
EXPERIMENTAL VALUE 
FIGURE 6 
HEAT-CAPACITY RATIOS FOR CClFJ AT 26.01°C (299,16 K) 
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TABLE IV 
RESULTS FOR CC1F3 AT 26.01°c (299,16 K) 
PRESSURE. HEAT - CAPACITY RATIO 
CpHp"Cp1ATM 
\. Psia Bar E?(perimental Peng""'.Robinson 
200.0 13,79· 1.118 1.111 
220,0 15.17 1.146 1.130 
240,0 16.55 1.174 1.151 
260.0 17,93 ·1.-204 1.174 
280,0 19,31 1. 238 1. 201 
300.0 20,68 1.280 1. 232 
320.0 22.06 1.332 1. 268 
340.0 23,44 1. 390 1-.310 
360.0 24.82 1.445 1.360 
380.0 26. 2.0 1. 502 1,421 
400.0 27,58 1. 579 1,496 
420,0 28.96 1.693 1.594 
440,0 30,34 1.861 1,724 
460.0 31.72 2.126 1,909 l 
480,0 33,09 2.613- 2,196 
485,0 33,44 2,786 2,296 
490,0 33,78 2,985 2,412 
495,0 34,13 3,210 2,550 
500.0 34.47 3,463 2.717 
505.0 34,82 3,747 2,924 
510.0 35,16 4.0($2 3,190 
515.0 35,51 5,085 3,545 
520.0 35,85 12.763 4,052 
540.0 37,23 18,705 8,314 
545,0 37,58 5,169 7,207 
550.0 37,92 4,749 6,475 
555,0 38.27 4.460 5,945 
560.0 38.61 4.216 5i541 
565.0 38,95 4.013 5,219 
570.0 39,30 30847 4,955 
J 575,0 39,64 3,710 4,735 :~ 
!, 580,0 39,99 3,595 4,546-., ,, 585,0 40,33 3,492 4,383 '·i ~ 
'! 590.0 40.68 3,394 4,240 
~-.t 
} 
·'· I{, 
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TABLE V 
RESULTS FOR CC1F3 AT 39,96°c (313,11 K) 
PRESSURE ~EAT - CAPACITY RATIO 
Cl'ttp/Cp1ATM 
Psia Bar Ex·perimental Peng-Robinson 
) 200.0 13.79 1.075 1.091 
225.0 15.51 1.145 1.109 
250.0 17,24 1.198 1.128 
275.0 18,96 i.236 1.150 
300.0 20.68 1.264 1.175 
325.0 22.41 1,294 1.204 
350.0 24.1} 1. 309 1. 236 
375,0 25.85 1. 331 1. 273 
400.0 27,58 1.368 1. 317 
425.0 29,30 1.422 1.,369 
450.0 31. 03 1,495 1.431 
475,0 32,75 1. 588 1.507 
500.0 34.47 1.701 1. 602 
528,0 36.20 1. 836 1,724 
550.0 37.92 2.000 1. 885 
575,0 39.64 2,243 2·.106 
600.0 41.37 2.64f 2.424 
610.0 42.06 2.860 2,592 
620.0 42,75 3.121 2,791 
630.0 43,44 3.432 3,030 
640.0 44.13 3,808 3,316 
650. O 44.82 4.267 3,657 
660.0 45,50 4.823 4. 053 
670.0 46.19 5,478 4.490 
680.0 46.88 6.141 4,924 
690.b 47,57 6.670 5,280 
700.0 48.26 6,953 5,480 
710.0 48.95 6.898 5,494 
720.0 49.64 6.543 5.360 
730.0 50.33 6.037 5,142 
740.0 5~.02 5.485 4.894 
750.0 51. 71 4,982 4.649 
' 760.0 52.40 4.621 4.421 ft( 
\ 770.0 53. 09 4.493 4.216 
FIGURE 8 
HEAT-CAPACITY RATIOS FOR CClF3 AT 55.00°c (328.15 K) 
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TABLE VI 
RESULTS FOR CC1F3 AT 55,0"0°C (32$,15 K) 
PRESSURE. .HEAT - CAPACITY RATIO 
CpHP /Cp1ATM 
Psia Bar Experimental Peng-Robinson 
200.0 13,79 1.086 i.075 
225.0 15.51 1.119 1.088 
250.0 17.24 1.146 1.103 
275.0 18 .. 96 1.168 1.119 
300.0 20.68 1.188 1.137 
325.0 22.41 1.206 1.156 
350.0 24.13 1. 224 1,177 
375.0 25,85 1.243 1.200 
400.0 27,58 1.265 1.226 
425.0 29,30 L293 1,255 
450.0 31. 03 1,327 1.287 
475.0 J2. 75 1.368 1.323° 
500.0 34,47 1.415 1,364 
525.0 36,20 1.469 ·1.409 
550.0 37.92 1. 528 1.462 
575.0 39,64 1,594 1.522 
600.0 41.37 1. 669 1,591 
625.0 43.09 1,754 1,670 
650 .. 0 44.82 L856 1.761 
675,0 46,54 1. 982 1,867 
760.0 48.26 2.137 1,987 
725.0 49,99 2.319 2.122 
750. O 51.71 2.517 2 I 271. 
775.0 .53,43 2,726 2.426 
800.0 55.1_6 2,935 2,579 
825.0 56.88 3,128 2,714 
850. O 58,60 3..286 2.819 
875.0 60.33 3,390 2.882 
900.0 62.05 3,413 2,905 
925.0 63,78 3,363 2,893 
' 
950.0 65.50 3,266 2,856 
.. 975.0 67.22 3.111 .2. 803 i1: 
:{~ j 1000.0 68,95 3.000 2,74} 
1 
' 
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RESULTS AND CONCLUSIONS 
1 
The apparatus used in this investigation yielded 
accurate experimental heat-capacity ratios (Cprn/CpiATM), 
This conclusion was demonstrated by a successful 39,52°c 
nitrogen isotherm which compared favorably to other 
experimental data and calculations for·nitrogen heat-
capacity ratios at 39,6°c and 39,99°c. The error for 
this investigation's nitrogen isotherm was estimated at 
!_O. 6o,g. 
2 
The results of this study show the effect of pressure 
on the heat-capacity ratio for CClFJ at 26.01°c, 
39,96°c and 55.00°c. The experimenta.l heat-capacity 
ratios for all three isotherms increased with pressure 
to a peak. The peak heat-capacity ratio for the 39,96°c 
. 
. 0 
isotherm is 6,953 at 703.5 psia and for the 55,00 C 
isotherm it is 3.412 at 897,75 psia. The largest heat-
capacity·ratio experimentally determined in this 
investigation was 18,705 at 540,0 ps°ia for the 26.ot
0c 
isotherm. The peak _heat-capacity ratio for the 26.01°c 
isotherm was too large to be determined with the experi-
. 
mental apparatus used. in this investigation. 
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3 
The Peng:.:Robinson equation of state predicted the 
general shape of the heat:.:capacity:.:ratio:.:versus:.:pressure 
curve for the three CC1F3 isotherms. It gave estimates 
within 1, 0% of where the ratio would p·eak with pressure 
for the 55,00°c and 39,96°c isotherms. The equation of 
state underestimated the magnitude of the heat:.:capacity 
ratio for· all pressures above 200 psia for the 39,96°c 
and 55,00°c isotherms with the worst estimate being in 
in the peak region. The difference between the experimental 
:.:peak-heat-capacityrat~o and the Peng-Robtnson value for 
the 39.96°c isotherm was 20.75% and for the 55.00°c. 
isotherm it was 14,77%, 
The Peng-Robinson equation of state underestimated. 
the heat-capacity ratio for pressures between 200 psia· 
and the peak region for the 26. 01 °c isotherm .. For pressures 
greater than the peak region at 26.01°c, the Peng-Robinson 
estimated heat-capacity ratios larger than the experimental 
values. 
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APPENDIX A 
60 
CALIBRATIONS 
The pressure gauge, high pressure inlet and outlet 
thermocouples, low pressure outlet thermocouple and 
second and third sets of high pressure thermopiles were 
all calibrated with a primary standard. 
The primary standard for the Heise pressure gauge 
was a Model 2400 HL Ruska deadweight gauge accurate to 
0, 13 psi. As shown in Table A-1, the Heise gauge was 
calibrated over the range of 79, 5 psia to 1386, o· psia. 
Twenty-five points were randomly.taken between these 
two pressures. The deviation in Table A-1 is defined as 
the Ruska deadweight r~ading for a .given pressure minus 
the pressure read from the Heise gauge. The mean 
deviation for the 27 :v.alues shown in Table A-1, rounded 
off to the nearest} psi, was used as the 11i~iform 
correction factor to be ad·ded to the pressur$ read by 
the Heise gauge. This correction factor was +1.0 psi. 
It was decided not to fit the 27 deviation values to a 
polynomial because the ·scatter was too great and the 
deviation values had no. trend with pressure. 
All the thermocouples used in this investigation 
and second and third set of high pressure thermopiles 
\ were calibrated using a platinum resistance thermometer. 
This platinum resistance ·thermometer was supplied by the 
Rosemount Engineering Company, Model 162C and was 
61 
calibrated at the National Bureau of Standards. The 
platinum resistance thermometer is accurate to 0.001°c. 
The thermocouples were calibrated by placing the hot 
junction in the low pressure bath and cold junction in 
an ice bath made from deionized wate·r. The tip of the 
platinum resistance thermometer was placed next to the 
hot junction. The bath was then set at a certain temp-
erature and allowed to run at that temperature until 
everything was equilibrated. The resistance of the platinum 
resistance thermometer was then measured by a Mueller 
Bridge, Modei 1551-E, made by Honeywell, The Mueller 
Bridge used a very sensitive galvanometer, Model number 
2284 and a Model 2100 light and scale. Both models. 
2284 and 2100, were ·manufactured by Leeds and Northrup. 
The thermocouples voltage readings ~ere measured with a 
7555 type K-5, Leed and Northrup potentiometer and 
accompanying galvanometer (No, 9834-i). 
The resist~ce of the platinum resistance thermometer 
was then divided into the resistance of the thermometer 
when it was immersed in a deionized ice bath., Thi.;s ratio 
was used to find the bath temperature by interpolating 
a ratio.-versus-temperature chart supplied by the 
National Bureau of Standards for this thermometer. 
The low pressure thermocouple (Table A-3) and high 
pressure inle.t and outlet thermocouples for the first 
high pressure thermopile were calibrated by Marruffo (1) 
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for a temperature range of -1o4°c to 100°c. The second 
set of high pressure thermocouples ()0 gauge copper-
constantan wire) were calibrated at 4o0c. The third 
set (24 gauge) was calibrated for the 26°c and 55°c 
isotherm. The results of the third set are shown in 
Tables A-4 and A-5., 
Deviation in Tables A-3 through A-5 is defined as 
the true volt.age reading minus the voltage reading of 
the thermocouple being calibrated at a given temperature. 
Finding the true voltage reading was done by converting 
the temperature reading of the platinum resistance 
thermometer into voltage, This conversion was done with 
a voltage-versus-temperature table for the type of 
thermocouple being calibrated (Either copper-constantan 
or chromel-cons:tantan) .• In the case of the second and 
third set of high pressure thermocouples, more than one 
calibration value was· obtained for a given isotherm. 
Therefore the mean value of the deviation was used as 
the correction voltage to be added to the thermocouple's 
voltage in obtaining the temperature measurements. The 
mean deviation for the 26.01°c isotherm in Table A-4 
was +4,?llv and for the 55.00°c isotherm was +5,4J4V, 
The first high pressure thermopile was not calibrated 
with a platinum resistance thermometer. The accuracy of 
the temperature· readings was verified by agreement 
between the thermopile and calibr.ated high pressure inlet 
63 
and outlet thermocouples. 
The second and third set of .high pressure thermopiles 
were calibrated in the same manner as the thermocouples. 
When the second thermopile was being calibrated, the 
seven junction high pressure outlet end was in the low 
pressure bath and the high press"U!e inlet end was -in a 
deionized ice bath, Eleven points between 23°c and 6o0 c 
were obtained. The eleven calibration values were fitted 
to a second degree polynomial. This polynomial was used 
to calculate the change in temperature on the high pressure 
side of the heat exchanger from thte thermopile's voltage 
reading and high pressure inlet temperature. 
To make sure both ends of the thermopile read the 
same absolute voltage for a given temperature difference, 
the junctions in the low pressure bath were ·switched with 
the junc~ions in the ice, at several different tempera-
tures. This switching was done in addition to the 
eleven points. The results show that both ends of the 
thermopile read the same voltage for the temperature 
differences measured in this investigation. The second 
thermopile was used for the 39,96°c .isotherm and half of 
the nitrogen isotherm. 
The third high pressure thermopile wa·s cali bra:ted 
at temperatures between 52°c and 63°c for the 55,00°c 
0 0 . 0 isotherm and between 21 C and 31 C for the 26,01 C 
isotherm. For the points between ·21°c and 31°c, three 
64 
points were calibrated with one end in the low pressure 
bath and then four points with the other end in the 
low pressure ·bath. For the four points between 52°c and 
63°c, the high pressure inlet end was always in the low 
pressure bath (See Table A-2). 
·O The four values fqr the 55.00 C isotherm and four 
values for the 26. 01 °c isotherm wer·e each fitted to a 
second degree polynomial. The other three points for 
the 26. 01 °c isotherm could not be fitted. tp a second 
degree polynomial. Instead a plot ·of deviation-versus-
temperature w1:1.s made. The voltage change for the temper-
ature difference between 25°c and 27°c was nearly the 
same for both the plot and polynomial. Therefore the 
mean value between the deviation plot and polynomial 
was used in calculating temperature changes for the high 
pressure side in the 26.01°c isotherm. 
The low pressure thermopile was not calibrated with 
the platinum resistan.ce the_rmometer. Instead a check· 
·~-
on the accuracy of the thermopile voltage readings was 
made by measuring five known temperature differences 
with the thermopile. The five known tempera~ure 
differences are shown in Table A-6 and are accurate to 
0 +0.014 c. The thermopile voltage readings in Table A-6 
were converted to temperature readings with a chromel-
constantan voltage-versus-temperature tableo Four out of 
five of t.he low pressure thermopile readings in Table A-3 
.65 
agree to within 0,34% of the total known temperature 
difference. This shows that the low pressure thermopile 
gave accurate temperature measurements, 
The accompanying tables (A-1 to A~6) contain the 
results of the calibration. 
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TABLE A-1 
PRESSURE-GAUGE CALIBRATION FOR HEISE.GAUGE NUMBER 33493 
Gauge Pressure Deviation 
(PSIA) (PSI) 
79-. 5 +0.86 
86.o +1.02 
87.0 +1.02 
139.0 +1. 57 
164.5 -0.14 
180.0 +2.62 
235.0 +2.35 
235.5 +1.88 
296.0 +1.58 
321.0 +2.29 
390.0 +0.76 
443.0 +1.68 
453.0 +0.68 
528·. O +2.11 
584.o -1. 06 
628.0 +3.23 
727.5 +0.37 
780.0 -0.25 
835.0 -0.03 
925~5 +0.10 
942.0 -0.87 
67 
Gauge Pressure 
(PSIA) 
1066.0 
1093.0 
1195.0 
1223.0 
12.70, 5 
1386.0 
TABLE A-1 (continued) 
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Deviation 
(PSI) 
+1.09 
+1..85 
+o. 91 
+1. 21 
+2,99 
·+2 I 21 
TABLE A-2 
CALIBRATION FOR THE THIRD T~MO?ILE 
True Temperature 
(oC) 
2-1. 960 
25.001 
27.946 
30.967 
23.244 
27,249 
30.895 
52.616 
55.601 
58.046 
62.153 
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Measured Thermopile Voltage 
(mv) 
+3.4760 
+3,9683 
+4.4505 
+4,9447 
-3,6917 
-4.3459 
-4.9480 
+8.5963 
+9,1170 
+9,5440 
+10.2664 
TABLE A-J 
CALIBRATION FOR THE LOW-PRESSURE-OUTLET THERMOCOUPLE. 
Me~sured Voltage Deviation 
(mv) ( ).lV) 
6.327240 
-3,382 
4.985570 
-4.883 
. 3, 682770 
-9,102 
2,499380 
-7,971 
1.454440 
-9,516° 
-0,057140 
-9,019 
-0.586770 
-8.408 
-1.696766 ·-10.450 
-2.766385 
-4, OJ8 
-JI 77907 5 +0,568 
-4.729570 +14.390 
-5,)84850 +20.146 
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TABLE A-4 
HIGH-PRESSURE-INLET THERMOCOUPLE CALIBRATION 
FOR THE 26.01°c AND 55,00°c ISOTHERMS 
Measured Voltage 
(mv) 
1.q195 
1.2167 
1.·2498 
2.1418 
2. 27"20 
2,3789 
2,4714 
2.5574 
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.. 
Deviation 
(µ.v) 
+4.4 
+4.6 
+5,2 
+ 5. 9 
+4,3 
+3,7 
+8,8 
+4.2 
TABLE A-5 
CALIBRATION FOR THE HIGH-PRESSURE-OUTLET . 
. 
THERMOCOUPLE FOR THE 26.o1°C ISOTHERM 
Meas}l!'ed Voltage 
(mv) 
1.0184 
1. 2151 
1.2472 
72 
Deviation 
( J.\V) 
+5.5 
+6.~ 
+7.8 
TABLE A-6 
CALIBRATION OF LOW PRESSURE THERMOPILE 
Low Pressure Low Pressure Thermopile 
Inlet Temperature Outlet Temperat~e Voltage 
(oC) (OC) (mv) 
22.24 31. 89· +14.7274 
22i25 31. 82 +14.5426 
22.26 31. 72 +14.4588 
o.oo 23.22 +34.794 
o.oo 25 •. 63 +38.465 
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FIGURE B-1 
EXPERIMENTAL DA~A FOR NITROGEN AT 39.52°c (J12.67 K) 
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TABLE B-1 
EXPERIMENTAL DATA FOR NITROGEN AT 39,_52°c (312, 67 K) 
Heating the HP Stream Cooling the HP Stream 
Pressure 6 T1ATM Pressure 6 T1ATM 
(PSIA) (BAR) 6THP (PSIA) (BAR) 6THP 
226.0 15.58 1. 015 235.0 16.20 1. 033 
226.5 15.62 1. 015 235,5 16.24 1.033 
452.0 31,16 1. 035 460,0 31.72 1.050 
453,0 31.23 1.035 464.o 31,99 1.055 
744.o 51.30 1.058 731. O 50,40 1. 081 
745.0 51. 3.7 1.063 732.0 50.47 1,084 
1009.0 69,57 1.085 1015.0 69,98 1.116 
1010.0 69.64 1.080 1014.o 69,91 1.110· 
1269.0 87,49 1.105 1277,0 88.05 1.140 
1269.0 87,49 1.105 1277,0 88,05 1.134 
The temperature change for the high pressure stream when 
it was being heated was: 4.oo0c 
The temperature change for the high pressure stream when 
it was being cooled was: 0 3,83 C 
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FIGURE B-2 
EXPERIMENTAL DATA FOR CClFJ AT 26,01°C (299,16 K) 
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TABLE B-2 
EXPERI~TAL DATA FOR CC1F3 AT 26,01°c (299,16 K) 
Heating the HP Stream Cooling the HP Stream 
Pressure 
_ l)T1ATM Pressure l)T1ATM 
(PSIA) (BAR) 6THP (PSIA) (BAR) 6THP 
215.0 14.82 1.170 19805 . 13, 69 1.085 
308,5 21, 27 1..333 309,0 21.30 1,270 
351.0 24.20 1..448 360.0 24.82 1.430 
456,0 31,44 2.130 439,0 30.27 1,866 
509,0 35,09 4,000 488.0 33,65 2,.744 
515, o 35,51 5,085 512.0 35,30 4.236 
540.0 37,23 18,705 517,0 35,65 8,156 
548,0 3.7, 78 4,881 541.0 37,30 5,813 
591,0 40,75 3,374 549,5 37,89 4,780 
563.5 38,85 4.070 
The temperature change for both heating and cooling 
of the high pres$ure side was: 2.006c 
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FIGURE B-3 
EXPERIMENTAL DATA FOR CClFJ AT 39.96°c (31J.11 K). 
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TABLE B-3 
EXPERIMENTA~ DATA FOR CClF3 AT 39.96°c (313.11 K) 
Heating the HP Stream Cooling the HP Stream 
·•. 
f· Pressure 6 T1ATM Pressure 6 T1ATM :;. { 
.~:':: 6THP 6THP (PSIA) (BAR) (PSIA) (BAR) 
226.0 15. 5.8 1.171 218.0 15.03 1. 098 
377', O 25.99 1.353 377.0 25.99 1.313 
53000 36,54 1.879 532.0 36.68 1,866 
619.0 42.68 3,130 617,0 42.54 3.005 • 
665.0 45,85 5.157 660.5 45,54 4.815 
680.0 46.88 6.087 683.5 47.12 6.412 
703,5 48.50 6.907 706.0 48.68 7,028 
738.0 50.88 5,549 720.0 49.64 60574 
767.0 52.88 4.407 7_35, O '50. 68 5,801 
762.0 52.54 4.659 
The temperature change for both the heat~ng and cooling 
of the high pressure .stream was: 2.16°c 
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TABLE B-4 
EXPERIMENTAL DATA FOR CC1F3 AT 55,00°C (328a15 K) 
Heating the HP ·stream Cooling the HP Stream 
Pressure 
-
6T1ATM Pressure _ 6T1ATM 
(PSIA) (BAR) 6T HP (PSIA) (BAR) 6THP 
197a0 13.58 1.136 227,5 15.69 1. 076 
356,0 24,54 1.247 408,5 28.16 1,258 
407,5 28,lO 1.288 483,5 J.J,J4 1,359 
531.0 36.61 10505 604.5 41.68 1.677 
695,5 47a95 2.121 694.5 47,88 2.·086 
700.0 48.26. 2.152 807.0 55.64 2,975 
770.0 53,09 2.693 888.0 61.22 3,404 
861.5 59,40 3,367 971.0 66.95 3.126 
887'. 5 91.19 J.424 
91600 6Ji15 3,357 
976,0 67.29 3,131 
1001.0 69a02 2.995 
The temperature change for both the heating and cooling 
of the high pressure stream was: ·1,98°C 
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CALCULATION OF HEAT LEAK TERM 
The Taylor series expansion for Equations (8) and (12) 
will be shovm h~re. The two equations can be expanded in 
the same form as the example below ( For jxj< 1) • 
1 2 3· ~~ = 1 - X + i - X ·+ 1 + X a I a 
For Equation (8), the denominator is expanded as follows: 
Therefore: 
= 
1 
1 - ~ 
6T 
= 1 + µAP + (u6P)2 
AT oT2 
1 - uAP 
·oT 
I- oT0 + JJ.06P0 L 6T . AT 
·+ I I I 
Multiplying the above equation out and rearranging gives 
the following: 
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..,. 
I 
'. 
.Q:Q = 6T0 +[µpo 
q MoµAP ~ --1 
--
- Cpo -Cpo· 6T 6T 6T 
+~Po 
q MoµA~ µ6P 
- Cpo 6T 2 6T 
(µAP)2 
+ ~a6Po 
q t.T0µAP j 
- - 6T3 
+ I I I 6T Cpo 
The above expression rearranged gives Equation (9): 
Q]_ 6T0 Ga6P0 -
q 
- MoµB~ + µt.P + (µAP)2 ] + - 3 + 0 I I 
CPo: - - 6T Cpo 6T 6T 6 T2 6T 
or 
C . 6T0 
. ~ = 
-'iSfr + e Cpo C 
~PO 
q 6T0J.\AP 1 µ6P 
(µAP) 2 
Where: e = -- - -+~+· 3. + I I I C Cpo 6T 6T 6 T2 6T 
Next the denominator in the energy balance for the high 
pres·sure side being heated, as shown in ~quation (12) will 
be expanded by the Taylor series. 
1. uAP 
_1_+_µ_2S_p = 1 - 6T + I I I 
6r 
Multiplying the numerator by the expanded denominator and 
rearr8:Ilging gives: 
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I 
' ! 
Q.12 TO t q M 0µA~ 1 
= 
- 6T + µo6Po + Cpo + 6T Cpo 6T E q AT0µAPJ µ.6P + llo6po + Cp0 + 6T . '""2 6T t q AToµAj ()16P)2 
+ JJ.o6P o + c + tsT 6T3 - e I I . Po 
The above expression can be rearranged into a more compact 
form: 
6T0 
- --·+· 6T 
Bring the negative ·sign out in front of the bracket to give 
Equation (13). 
Where: e = H 
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1 ~6P (~6P) 2 
---+--6T 6T2 6T3 ••• 
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f 
APPENDIX D 
87 
•. 
), 
! 
: 
ZERO-PRESSURE HEAT-CAPACITY DATA 
·Equations for zero-pressure heat capacity of nitrogen 
and chiorotrifluoromethane used in this investigation 
are given below. For nitrogen, the expre.ssion used 
by Marruffo (1) was also used in this investigation. 
= 6,9504274 + 4.4664 x 10-6T + 1,226 + 2,005045(u
2
eu) 
T2 ·(eu-1)2 . 
Where: u = 6036, 1310/T 
Range:. 100<T<1000 
Units: Btu/lbmole 
0R 
The above expression was first proposed by B~ri
eau (9), 
Th~ zero-pressure heat capacity of chlorotri-
fluoromethane was derived from the latest spectroscopic 
data .available and reported by.Chen, Wihoit and 
Zwolinski ( 5), * Five data points for Cp at 200,0, 
273,15, 298,15, JOO,O and 400,0 Kelvin were fitted to. a 
third order polynomial to give the following expression: 
C~ 2,5410 + 0,063731 T - 0,71963 x 10~
4T2 
·.+ 0,31418 X 10-7T3 
. * . 
where Tis in Kelvin and the units of Cp are (cal/ 
mole K0 ). 
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SAMPLE ERROR CALCULATION 
A sample calculation for the error terms in Table 
I is carried out here. The experimental point at 6.70, 0 
psia for the 39,96°c isotherm is used as an example, 
From the Peng-Robinson equation the following heat-
capacity ratios were calculated for 670.0 psia ~ 1,5 
psia and 39.96°c +o.o6°c. 
Pressure Temp. Cp ratio 
668.5 39.96 4.4460 
670.0 39.96 4.5132 
671.5 39.96 4.5~04 
668.5 39,90 4.4865 
671.5 39.90 4.6225 
668,5 40.02 4.4064 
671.5 40.02 4,5391 
The maximum error for an .ex·perimental point at 670, 0 
psia and 39,96°c is: 
4.6225 - 4.4064 
(4.6225 + 4~4064) 
2 
X 100 = 4,79% 
The 4.79% is for the total range of the error between 
671.5 psia and 39,90°c to 668.5 psia ~d 40.02°c. For 
the experimental point at 670.0 psia and 39.96°c, the 
error in the high pressure thermocouple and pressure 
gauge is represented by ~2.39%. 
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. l• 
The percent error contributed by the two thermopiles 
to the· .heat-capacity ratio at 670. O psia and 39, 96°c, 
can be calculated from t.he following equation. 
Error in the Heat-
·capaci ty Ratio from = 
the HP and LP Thermopiles 
Error from + Error from 2 . )2 
P Thermopile) (ip Thermopile 
% Error in the HP Thermopile = +o.01°c (100) 
2.16°c 
= +o.46% 
% Error in the LP Thermopile= +0,34% 
Therefore the error in the heat-capacity ratio caused 
by the two thermopiles is: 
The mo~t probable experimental error for the heat-
capacity ratio for Freon-13 at 39.96°c and 670,0 
psia is: 
Most Probable Error 
in Heat-Capacity Ratio 
· 2 2 
( Error from) + (Error from Thermopiles Heise Gauge 
and HP Inlet 
Thermocouple 
9.1 
= +2.46% 
1 
l 
t. 
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